Cell shape and cell-envelope integrity of bacteria are determined by the peptidoglycan 12 cell wall. In rod-shaped Escherichia coli, two conserved sets of machinery are essential for cell-wall 13 insertion in the cylindrical part of the cell, the Rod complex and the class-A penicillin-binding 14 proteins (aPBPs). While the Rod complex governs rod-like cell shape, aPBP function is less well 15 understood. aPBPs were previously hypothesized to either work in concert with the Rod complex 16 or to independently repair cell-wall defects. First, we demonstrate through modulation of enzyme 17 levels that class-A PBPs do not contribute to rod-like cell shape but are required for mechanical 18 stability, supporting their independent activity. By combining measurements of cell-wall stiffness, 19 cell-wall insertion, and PBP1b motion at the single-molecule level we then demonstrate that PBP1b, 20 the major class-A PBP, contributes to cell-wall integrity by localizing and inserting peptidoglycan in 21 direct response to local cell-wall defects. 22 23 adjacent glycan strands. To avoid the formation of large pores in the cell wall during growth, cell-wall 29 insertion and cell-wall cleavage must be tightly coordinated (Vollmer et al., 2008). 30 Cell-wall insertion involves two kinds of enzymatic reactions: transglycosylase (TGase) activity to 31 extend the glycan strands, and transpeptidase (TPase) activity to create cross-links between glycan 32 strands. During side-wall elongation these two activities are carried out by two sets of machinery 33 (Cho et al., 2016). First, the Rod complex comprises the Penicillin-Binding Protein PBP2, an essential 34 transpeptidase (TPase), and RodA, an essential transglycosylase (TGase) and member of the SEDS 35 (shape, elongation, division and sporulation) family of proteins (Meeske et al., 2016; Emami et al., 36 2017). Together with the MreB cytoskeleton these and other Rod-complex components persistently 37 rotate around the cell (Lee et al., 2014; Cho et al., 2016) and are responsible for rod-like cell shape. 38 Second, bi-functional and essential class-A PBPs (aPBP's) PBP1a and PBP1b carry out both TPase and 39 TGase activities. PBP1a and PBP1b are activated by the outer-membrane lipoprotein cofactors LpoA 40 1 of 34 and LpoB, respectively (Typas et al., 2010; Paradis-Bleau et al., 2010; Typas et al., 2012). Mutants 41 in either PBP1a-LpoA or PBP1b-LpoB are viable and don't show any strong phenotype during 42 regular growth, but mutants in components from both pairs are synthetically lethal (Yousif et al., 43 1985; Typas et al., 2010; Paradis-Bleau et al., 2010). aPBPs also interact with cell-wall cleaving lytic 44 transglycosylases and DD-endopeptidases (Banzhaf et al., 2019), consistent with the possibility that 45 they form multi-enzyme complexes responsible for both cell-wall expansion and insertion. 46 In the past, aPBPs have been suggested to work in close association with the MreB-based 47 Rod complex (Pazos et al., 2017), motivated by biochemical interactions between PBP1a and the 48 Rod-complex TPase PBP2 (Banzhaf et al., 2012), and by similar interactions between PBP1b and the 49 divisome TPase PBP3 (Bertsche et al., 2006). However, each set of enzymes remains active upon 50 inhibition of the respective other one and aPBPs and Rod-complex components show different 51 sub-cellular motion (Cho et al., 2016). Furthermore, cells inhibited in PBP1ab activity rapidly lyse 52 (García del Portillo et al., 1989; Wientjes and Nanninga, 1991), while cells inhibited in Rod-complex 53 activity become round but don't lyse (Lee et al., 2014). 54 Since aPBPs and Lpo's form envelope-spanning complexes (Egan et al., 2014; Jean et al., 2014) 55 they have been suggested to work as repair enzymes that activate at site of defects or large 56 pores in the peptidoglycan (Typas et al., 2012; Cho et al., 2016). In support of this idea, aPBP 57 activity was increased (Lai et al., 2017) upon over-expression of the DD-endopeptidase MepS, which 58 cleaves peptide bonds (Singh et al., 2012). Therefore, Rod complex and aPBPs might serve different 59 functions despite catalyzing the same chemical reactions (Zhao et al., 2017; Pazos et al., 2017). In 60 agreement with this viewpoint, recent work in the gram-positive Bacillus subtilis showed that the two 61 machineries have opposing actions on cell diameter and lead to either circumferentially organized 62 or disordered cell-wall deposition (Dion et al., 2019). 63 Based on the selective interactions between PBP1a-PBP2 and PBP1b-PBP3 (Banzhaf et al., 2012; 64 Bertsche et al., 2006), and based on a mild localization of PBP1b at the cell septum (Bertsche 65 et al., 2006), PBP1a was suggested to be mostly involved in cell elongation and PBP1b in cell 66 division. However, PBP1b also contributes to cell elongation, where it might have an even more 67 important role than PBP1a under normal growth conditions: PBP1b localizes throughout the cell 68 envelope, with only a mild enrichment at the septum (Bertsche et al., 2006; Paradis-Bleau et al., 69 2010). Furthermore, strains lacking PBP1b have greater mechanical plasticity in the cylindrical part 70 of the cell (Auer et al., 2016), their overall rate of peptidoglycan insertion is reduced (Caparrós et al., 71 1994), they are more sensitive to chemicals targeting side-wall elongation, including mecillinam 72 (García del Portillo and de Pedro, 1991), A22 (Nichols et al., 2011), and D-methionine (Caparrós 73 et al., 1992), and they cannot recover from spheroplasts (Ranjit et al., 2017) . 74 Here, we study the role of aPBPs for cell shape and cell-wall integrity. First, we measure viability 75 and cell shape during steady-state growth at different protein levels. We found that aPBPs have 76 no role in maintaining cell shape and are therefore not required for proper Rod-complex activity. 77 On the contrary, we confirmed that aPBPs are essential for mechanical cell-wall integrity. Second, 78 we investigate how the major aPBP PBP1b contributes to mechanical integrity: simply through a 79 higher overall rate of peptidoglycan insertion (Caparrós et al., 1994) , by constitutively stabilizing 80 cell-wall, for example by inserting peptidoglycan in a more spatially homogeneous manner, or 81 through active repair of local cell-wall damage, as previously suggested (Typas et al., 2012; Lai et al., 82 2017; Cho et al., 2016). We first measured mechanical stability and rate of peptidoglycan insertion 83 in cells with aPBP levels reduced three-fold. These cells showed reduced cell-wall stiffness and 84 integrity while maintaining a high rate of peptidoglycan insertion. Therefore, PBP1b apparently 85 strengthens the cell wall independently of changes in insertion rate. Increased integrity could then 86 come about either through constitutive PBP1b activity or through an adaptive repair mechanism 87 (Typas et al., 2012) . Using a combination of cell-wall perturbations and time-dependent expression 88 of PBP1b, we found that PBP1b facilitates cell survival as quickly as 5 min after protein expression, 89 suggesting that PBP1b senses and repairs cell-wall defects. As a complementary approach, we 90 used single-molecule tracking of a GFP-PBP1b fusion. We found that the bound, non-diffusive 91 PBP2-RodA MreBCD Mean cell diameter (μm) Figure 1. aPBPs have no role in maintaining rod-like cell shape. A: Sketch of the strain AV44 (LC69 mrcB::gfp-mrcB, mrcA::rfp-mrcA) with tunable levels of PBP1a and PBP1b. CRISPR guides are expressed either as crRNA (top) or as sgRNA (bottom), see also Figure 1 -Supplement 1.
Introduction 24 The peptidoglycan cell wall is responsible for both cell shape and mechanical integrity of the 25 bacterial cell envelope (Typas et al., 2010; Vollmer and Bertsche, 2008) . In Gram-negative bacteria 26 such as E. coli the cell wall is a thin two-dimensional polymer that consists of parallel glycan strands 27 oriented circumferentially around the cell axis (Gan et al., 2008) and peptide cross-links that connect . 129 As expected from the synthetic lethality of PBP1ab, strains with a strong repression of both 130 PBP1a and PBP1b did not survive. In particular, in strain AV51 (ΔPBP1a), repressing PBP1b to about 131 4% of WT level using the perfect-match sgRNA G20 (fluorescence microscopy, table 1) leads to cell 132 death. In contrast, AV51 with PBP1b repressed to 30% (DIA, table 1) with sgRNA G14 is still viable. 133 For all the strains which survived repression, the growth rate was unaffected, regardless of aPBPs 134 levels ( Figure 1B) . 135 To systematically measure the impact of PBP1ab levels on cell morphology, we varied the level 136 of each PBP between 30 and 1300% (DIA) in strains lacking the respective other PBP. Expression 137 had hardly any effect on cell shape ( Figure 1C ). From lowest to highest PBP1a or PBP1b levels cell 138 diameter increased by only 75 nm. In contrast, a 10-fold decrease in the level of Rod-complex-related 139 operons PBP2-RodA or MreBCD increased diameter by about 800 nm ( Figure 1D ), as previously 140 demonstrated (Vigouroux et al., 2018) . Our observations are also in stark contrast to B. subtilis, 141 where a similar change of the level of the major class A PBP PBP1 leads to a 600 nm increase in 142 diameter (Dion et al., 2019) . As a control, we used an alternative setup based on the inducible P Bad 143 promoter (strains AV100, AV101) and checked the lack of major shape phenotype at low PBP1ab 144 induction (Figure 1 -Supplement 2BC ). 145 We also examined the shape of cells that were depleted for PBP1ab to the point of lysis. To 146 that end we used time-lapse microscopy after induction of our strongest sgRNAs (20 bp of com-147 plementarity for each target, see table 1). Cells abruptly lysed without changes in cell dimensions 148 compared to the minimum viable expression level . However, we 149 often observed small bulges on the sides of the cells just before lysis. This behavior, previously also 150 observed upon LpoAB depletion (Typas et al., 2010) , is similar to the effect of beta-lactam antibi-151 otics (Chung et al., 2009 ), suggesting that cells accumulate lethal cell-wall defects in the absence of 152 PBP1ab. 153 Together, our observations suggest that aPBPs are required for cell-wall integrity at the local 154 scale but dispensable for the maintenance of rod-like cell shape. 155 At low levels of aPBPs, cells insert as much peptidoglycan as WT but show reduced mechanical integrity 157 Next, we aimed to study whether aPBPs maintain cell-wall integrity simply due to an elevated rate 158 of cell-wall insertion or by modulating the cell wall structurally, e.g., through a more homogeneous 159 distribution of peptidoglycan material (Typas et al., 2012) . It was previously reported that a ΔPBP1b 160 strain inserts about 50% less peptidoglycan, while a ΔPBP1a strain maintains a WT insertion rate 161 (Caparrós et al., 1994) . We therefore reasoned that the rate of peptidoglycan insertion might not 162 depend on aPBP abundance, as long as a minimum level of PBP1b was present. To study this 163 possibility, we measured the rate of peptidoglycan insertion by recording the incorporation of the 164 radio-labeled cell-wall precursor mDAP (meso-diaminopimelic acid) (Wientjes et al., 1991) ( Figure 2 165 -Supplement 1). In AV105 (AV44 ΔPBP1b ΔLysA), peptidoglycan insertion was reduced to about 2/3, 166 even with a high level of PBP1a (Cohen's d=4.16, p=0.014, t-test, Figure 2A ). When repressing PBP1b 167 strongly in AV84 (AV44 ΔLysA) with sgRNA G20, leading to a residual expression of about 4% (table   168 1), we measured a similar reduction of peptidoglycan insertion as in ΔPBP1b. Intriguingly, when 169 we reduced both PBP1a and PBP1b to about 30% of WT using sgRNA G14-R20 in AV84, the cells 170 inserted 171 PBP1b (Cohen's d=0.56, p=0.53, t-test, Figure 2A ). Therefore, the rate of peptidoglycan insertion is 172 independent of PBP1ab levels as long as PBP1b is expressed at a minimum level between 5-30% of 173 native levels. Furthermore, the decrease of peptidoglycan insertion upon strong PBP1b repression 174 or deletion cannot be compensated by high PBP1a expression, since a strain with 20% of PBP1a 175 and 30% of PBP1b (AV84/pAV20 G14-R20) still inserts more peptidoglycan than a strain with 1300% 176 PBP1a but no PBP1b (AV105/pAV20 GØ-RØ) (Cohen's d=4.38, p=0.016). 177 We also measured the chemical composition of the cell wall in these strains through HPLC-UV. 178 No large difference was observed in any of the peaks, meaning that the rate of cross-linking is 179 not affected by the repression (Figure 1 osmotic shock, we deleted the mechano-sensitive channels mscS and mscL from AV44 (strain AV93).
190
The sudden increase of turgor pressure causes an increase of cell dimensions that is inversely 191 related to cell-wall stiffness, in agreement with (Buda et al., 2016) . We found that repression of 192 PBP1ab to about 30% of WT levels (in AV93/pAV20 G14-R20) leads to a decrease of both axial and 193 circumferential stiffness if compared to the non-repressed strain ( Figure 2B and C). Therefore, the 194 reduced number of PBP1ab is likely less capable to protect the cell wall against the accumulation of 195 mechanical defects, despite unperturbed peptidoglycan density and chemical composition. 196 As a potential consequence of reduced mechanical integrity, we next studied cell survival after 197 osmotic shock in batch culture ( Figure 2D and 2 -Supplement 2). In AV93/pAV20, the osmotic 198 shock caused death of a large fraction of cells repressed for PBP1ab (sgRNA G14-R20), while the 199 non-repressed cultures (sgRNA GØ-RØ) were mostly unperturbed.
200
In summary, we found that cells with reduced levels of PBP1ab showed reduced mechanical 201 stiffness and integrity, which led to an increased rate of cell death upon osmotic downshock, despite 202 unperturbed levels of peptidoglycan density and chemical composition. Therefore, the lack of 203 PBP1ab perturbs cell-wall structure independently of peptidoglycan density. 
Cell length extension
Cell diameter extension OD (600 nm) Figure 2. Repression of PBP1ab reduces mechanical stiffness while maintaining a high rate of peptidoglycan insertion. A: Rate of insertion of 3 H-mDAP into the cell wall measured in AV84 (AV44 ΔlysA)/pAV20 and AV105 (AV44 ΔmrcB ΔlysA) as annotated. NS: not significant. B-C: Extension of the cells' long axis (B) and short axis (C) after a 1 osm/L NaCl downshock, in AV93 (AV44 ΔmscLS)/pAV20 with sgRNA GØ-RØ or G14-R20. A value of one corresponds to no extension. D: Growth curves before and after a 1 osm/L osmotic downshock, in AV93/pAV20 with sgRNA GØ-RØ or G14-R20. OD: optical density.
PBP1b actively repairs cell-wall damage

205
PBP1ab could in principle increase mechanical integrity in two different ways: through constitutive 206 peptidoglycan synthesis that compensates the accumulation of mechanical defects but does not 207 respond to the presence of existing defects, or through an active repair mechanism that inserts 208 cell wall in response to damage, as previously proposed (Typas et al., 2012) . To discriminate these 209 two possibilities, we studied the ability of PBP1b to sustain and recover from transient inhibition of 210 peptidoglycan insertion. Specifically, we blocked peptidoglycan-precursors production by treating 211 cells with the antibiotic D-cycloserine, which inhibits L-alanine to D-alanine conversion and D-212 alanine-D-alanine ligation (Lambert and Neuhaus, 1972) , or by starving an auxotrophic mutant 213 strain (asd-1) for the essential peptidoglycan component mDAP (Hatfield et al., 1969 To study the potential role of PBP1b for cell-wall repair, we washed out D-cycloserine after 25 231 min of treatment, right before rapid lysis would have started, and monitored growth ( Figure 3C ). 232 We found that PBP1b-cells showed extensive lysis after drug removal while almost all PBP1b+ 233 cells recovered from damage. To discriminate whether the elevated rate of recovery was due to 234 increased mechanical integrity prior to drug treatment or due to PBP1b activity after washout we 235 compared PBP1b-cells with cells that expressed PBP1b only right before washout. We found that 236 these cells recovered nearly as well as cells expressing PBP1b during the whole experiment. The 237 alleviating effect of PBP1b was almost immediate (<5 min after drug removal). The rapid effect on 238 cell survival suggests that PBP1b actively responds to cell-wall damage and repairs defects. 239 We observed similar but slightly different behavior upon mDAP depletion and re-addition of In contrast to PBP1b+ cells, PBP1b-cells already lysed after about 35 min on average ( Figure 3D ). 248 We therefore reasoned that PBP1b repaired damage both during and after mDAP depletion.
249
After re-addition of mDAP following 35 min of mDAP depletion we found that expressing PBP1b 250 right before mDAP repletion had an immediate effect on survival ( Figure 3E ). However, expressing 251 PBP1b during the whole experiment led to an even faster recovery, presumably because PBP1b In order to approximate WT levels in our fluorescently-labeled strain, we used the crRNAs G10 277 and R18, leading to an expression of 130% for GFP-PBP1b and 280% for RFP-PBP1a (table 1) . Using 
282
Qualitatively similar to the observations on the major aPBP PBP1 in B. subtilis (Cho et al., 2016) , 283 we found that the bound fraction of PBP1b decreased with increasing concentration ( Figure 4A ), 284 suggesting that the activity of individual PBP1b enzymes is reduced upon increasing levels. 285 The activity of individual PBP1b molecules could be limited by the availability of LpoB molecules, 286 the availability of peptidoglycan precursors, or the abundance of potential sites for cell-wall insertion, 287 henceforth referred to as defects. We therefore aimed to identify the potentially limiting factors 288 by modulating protein levels and precursor availability. First, we modulated LpoB levels. Over-289 expressing LpoB from plasmid pBC01 (pAM238-P Lac -lpoB) in AV44/pAV20 G10-R18 indeed increased 290 the bound faction, while deleting LpoB (strain AV110/pAV20 G10-R18) reduced the bound fraction 291 ( Figure 4B ), indicating that the physical interaction with LpoB aids PBP1b immobilization or stabilizes 292 the bound form. 293 Next, we investigated how the fraction of bound PBP1b molecules responded to changes of 294 PBP1a abundance. Maintaining PBP1b at about 30% of WT, we found that the bound fraction 295 of PBP1b was reduced about 4-fold upon over-expression of PBP1a (1300% with respect to WT), 296 compared to the ΔPBP1a background ( Figure 4C ). We reasoned that PBP1a Calculated bound fraction of PBP1b at different levels of PBP1b, PBP1a and LpoB, using strains AV44, AV51 (ΔPBP1a) or AV110 (ΔLpoB). For GFP-PBP1b, sgRNA G14 (from pAV20), crRNA G10 (from pCRRNAcos) and crRNA GØ (from pCRRNAcos) are used to reach 30%, 130% and 370% respectively. For RFP-PBP1a, sgRNA R20 (from pAV20), crRNA R18 (from pCRRNAcos) and crRNA RØ (from pCRRNAcos) are used to reach 20%, 278% and 1300% respectively. LpoB is over-expressed using pBC01 (pAM238-P Lac -lpoB), compared to an empty pAM238 vector, so all cells are grown in the same conditions, in the strain AV44/pCRRNAcos G10-R18. Each point represent a biological replicate comprising at least 5000 tracks. Horizontal lines are means. D-E: Bound fraction of PBP1b-sfGFP at different times during D-cycloserine treatment (E) and during recovery from 30 min of D-cycloserine treatment (F) in the strain AV51/pCRRNAcos G10-RØ. Colored points are individual movies and white points are medians for each culture. Corresponding free diffusion coefficients are shown in figure 4 -Supplement 4.
To test whether PBP1b immobilization happened immediately after changes of the cell-wall 301 architecture, we transiently inhibited precursor synthesis using D-cycloserine as in figure 3 . First, 302 we confirmed that D-cycloserine had the same qualitative effect as in LB (cf. . To make sure that the increase of the bound fraction was due to live, non-lysed cells, we investigated cell 309 shape and also used the nucleic-acid dye propidium iodide, which only penetrates the membranes 310 of dead cells. We then confirmed that visibly dead cells only contributed a small number of tracks 311 to our dataset. Furthermore, while the number of lysed cells visibly rose during the latest set of 312 of movies corresponding to Figure 4 -Supplement 4D (from about 5 to 20% according to visual 313 inspection), we did not observe a concurrent increase of the bound fraction. Our experiments 314 therefore suggest that PBP1b molecules immediately respond to damage by increased binding. 315 Furthermore, the prior arrest of MreB motion suggests that PBP1b binding does not require PBP1b 316 activity or precursor availability. 317 We then also investigated whether PBP1b showed a higher bound fraction during recovery from 318 D-cyloserine, where the presence of PBP1b greatly increases the chance of cell survival ( Figure 3C ). 319 In agreement with our expectation, we found that the bound fraction was elevated for about 20 min 320 after a 30 min period of D-cycloserine treatment ( Figure 4F ).
321
In summary, our tracking results are compatible with our conclusion above, that PBP1b to-322 gether with its cognate activator LpoB contributes to cell-wall integrity by localizing and inserting 323 peptidoglycan in response to local cell-wall defects.
324
Discussion
325
In conclusion, we found that different cell- Pierre et al., 2013) . Integration of RFP-PBP1a and GFP-PBP1b 415 in the native locus was done using the allelic exchange procedure described in (Vigouroux et al.,   416 2018). 417 The plasmids constructed for this study were assembled by Gibson assembly, from the fragments 418 indicated in table 6. Oligonucleotide sequences can be found in table 7. 419 The CRISPR plasmids are either from the pcrRNA collection described in (Vigouroux et al., 2018) , 420 or were assembled using the pAV20 double-sgRNA vector (Dion et al., 2019) England Biolabs) and ATP was subjected to thermal cycles for digestion, annealing and ligation. 425 The assembly product was subsequently electroporated in DH5α and the resulting plasmids were 426 sequenced. The "Ø" control guides, producing no repression, still contain the same 5 bp seed 427 sequence as the sfGFP-and RFP-targeting guides. This is to account for potential mild "bad-seed 428 effect" (Cui et al., 2018) . 429 Measurement of optical density and doubling time 430 Exponential cultures were then transferred to a flat-bottomed 96-microwell plate (Greiner) and 431 optical density at 600 nm was recorded during growth using a microplate reader (Tecan) or, if 432 indicated, using shaking flasks and a spectrophotometer (Eppendorf). To calculate the doubling 433 time, we fit an exponential function to the data points corresponding to the exponential phase. 434 To make sure that the exponential phase was properly isolated, we checked that there was no 435 correlation between consecutive residuals after the fit (Durbin-Watson statistic higher than 1). 436 Optical density at the peak was determined by calculating the first zero of the derivative of OD 600 437 after mean-filtering with a bandwidth of 10 min. The amount of PBP1a and PBP1b following repression by different CRISPR guides was quantified by 462 several methods. 463 First, we measured their expression in AV44 pAV20 GØ-RØ (non-repressed), AV44 pAV20 G14-R20 464 (strong repression) and LC69 (control strain without fusions) using mass spectrometry. We used 465 Data Independent Acquisitions (DIA) (Bruderer et al., 2017) for relative quantification of PBP1a 466 and PBP1b. We also used a targeted proteomics approach, Parallel Reaction Monitoring (PRM) 467 (Bourmaud et al., 2016; Gallien et al., 2012; Peterson et al., 2012) , for absolute quantification 468 of PBP1b. We followed the same protocol previously described (Wollrab et al., 2019) . Peptides 469 used for absolute quantification of PBP1b were based on the FASTA sequence obtained from 470 UniprotKB database and MS evidence of identification. Peptides sequences are LLEATQYR and 471 TVQGASTLTQQLVK (Aqua UltimateHeavy, Thermo Fisher Scientific).
472
As a confirmation, we used SDS-page with fluorescence detection to compare AV44 pAV20 473 GØ-RØ to AV44 pAV20 G14-R20. The detailed procedure is described as supplementary material. 474 Finally, for all the strains whose expression level was not quantified by SDS-page or DIA, we used Osmotic shifts were done by replacing a high-osmolarity medium (M63 with 1/10 volume 5 M NaCl) 501 with a low-osmolarity medium (M63 with 1/10 volume of water) for a shock magnitude of 1 osm. In 502 all cases, cells were grown overnight in high-osmolarity medium then diluted 1/500 and grown at 503 least 3h to reach exponential phase. 504 To perform osmotic shifts while monitoring cellular dimensions, we constructed a tunnel with 505 two strips of double-sided adhesive tape attached to a glass slide and a cover slip. Polylysine Savitzky-Golay filter with a filter size of 3 pixels in xy-directions time 3 points along the temporal 531 dimension. Images were subsequently de-noised once more using a 2D-Gauss filter ( = 0.5 532 pixels). Images were subsequently rescaled by a factor of 5 using spline interpolation to achieve 533 sub-pixel resolution. MreB spots were detected as local maxima inside the cell boundary obtained 534 by segmentation using the Morphometrics package (Ursell et al., 2017) . MreB spots with intensity 535 higher than the cell background were considered for tracking. The local maxima were connected 536 to construct raw trajectories based on their distance at consecutive time points (Teeffelen et al. and TS6B, Vincent Associates). Images were acquired with an EMCCD camera (iXon Ultra, Andor).
555
All components were controlled and synchronized using MicroManager (Edelstein et al., 2010) . 556 Images were acquired with exposure time and intervals of 60 ms for a duration of 20 s to 1 min. 557 To distinguish single molecules, this requires a photobleaching phase prior to image acquisition. 558 To that end, the sample was exposed to 488 nm laser in epifluorescence or HILO (highly inclined 559 and laminated optical sheet) mode. Since both modalities resulted in the same fractions of bound 560 molecules, the bleaching or illumination modality did apparently not bias towards either state of 561 molecules. After photobleaching, we either switched to TIR mode or remained in HILO mode for 562 image acquisition. Bleaching time is adjusted according to the level of PBP1b and illumination 563 intensity and was about 2 or 12 s for HILO and epi illumination, respectively. A longer bleaching 564 time of 10 or 25 s was required for GFP-PBP1b overexpression ( Figure 4A , AV51 without repression).
565
To determine the bound fraction of GFP-PBP1b, we first segmented images using the brightfield 566 channel and standard image processing functions. PBP1b spots in fluorescence images were identi-567 fied using the ThunderStorm plug-in for ImageJ (Ovesný et al., 2014) with wavelet filtering. The peak 568 detection threshold was equal to the standard deviation of the first wavelet levels of input image 569 (Wave.F1). Sub-pixel resolution was achieved by finding the center of a two-dimensional Gaussian 570 fitted to the intensity profile of each spot. Spots in subsequent frames were then connected using 571 the nearest-neighbor algorithm from TrackPy with a maximum step length of 500 nm (Allan et al. , 572 2016). To limit tracking mistakes, we discarded the frames where the peak density was too high 573 by only taking the last 30,000 peaks of each movie into account. The displacements were fit using 574 a two-state diffusion model from the SpotOn software package (Hansen et al., 2018) , allowing to 575 recover the percentage of bound molecules, the peak localization precision and the free molecules' 576 diffusion constant. In the reference strain (strain AV44 with near-WT levels of PBP1a and PBP1b) 577 the diffusion constant of the "bound" molecules was left as a free parameter and found to be 578 compatible with immobilization of these molecules ( bound < 0.001 μm 2 /s, what is used in (Cho et al., 2016; Kocaoglu et al., 2012) . We prepared exponentially-growing cells 583 at OD 600 ≈0.4. We washed 1. The higher molecular weight bands probably correspond to sfGFP oligomers as they are also detected on purified sfGFP. B: 4-20% acrylamide gel with decreasing amounts of purified sfGFP-6xHis (first 3 lanes), followed with whole cell extracts of LC69, AV44 or AV51 with pAV20 as annotated. Approximately 30 μg of proteins were loaded. sfGFP-PBP1b isoforms: isoform α (predicted molecular weight 94,32 kDa, 121,1 kDa tagged with sfGFP), isoform μ (predicted molecular weight 88,91 kDa, 115,69 kDa tagged with sfGFP). Top: GFP fluorescence measurement. Bottom: Coomassie blue staining. There is no signal of the purified sfGFP-6xHis fusion protein because the amount loaded is probably below visualization limit with the Coomassie blue method. Strains are AV84 (AV44 ΔlysA)/pAV20 GØ-RØ, AV84/pAV20 G14-R20, AV84/pAV20 G20-RØ and AV105 (AV84 ΔPBP1b)/pAV20 GØ-RØ, from left to right. Strains are AV44 ("WT") or AV93 (AV44 ΔmscSL) ("ΔmscSL") with pAV20 GØ-RØ ("High levels PBP1ab") or pAV20 G14-R20 ("Low levels PBP1ab"). Vertical lines mark the time of centrifugation, medium removal and resuspension in a medium of lower osmolarity. Optical densities are normalized with respect to the value at the time of the medium shift. Each curve is one biological replicate. Experiment done in a plate-reader. OD: Optical density. 
Supplementary information
Quantification of GFP-PBP1b by SDS-page 800 A sfGFP-His6 fusion protein was purified in this study to be used as an internal standard for the 801 semi-quantitative sfGFP-PBP1b SDS-page. The sfGFP-6xHis fusion was expressed and purified from 802 a BL21(DE3) E. coli strain. A 10 ml LB preculture containing carbenicillin (100 μg/ml) was inoculated 803 from a freshly transformed colony and grown at 37°C until an OD 600 ≈0.6. This culture was diluted 804 1:100 into 500 ml fresh pre-warmed LB containing carbenicillin (100 μg/ml) and grown at 37°C to 805 an OD 600 ≈0.6. At this time point, the expression was induced by the addition of 1 mM of IPTG and 806 the culture was incubated at 20°C overnight. The next day, the culture was cooled for 15 min at 807 4°C and the cells were recovered by centrifugation (4,000 x g) at 4°C for 15 min. Cell pellets were 808 resuspended in 12,5 ml of lysis buffer (20 mM Tris-HCl pH 8, 100 mM NaCl, 5 mM 2-mercaptoethanol, 809 20 mM imidazole, 1 mM PMSF) and stored at -80°C. Cells were thawed, benzonase (E1014, Millipore) 810 and lysozyme (L6876, Sigma) were added (respectively 500 units and 0,5 mg/ml) and cells were 811 disrupted by sonication on ice. Cell debris and membranes were pelleted by centrifugation at 812 40,000 × g for 1 hour at 4°C. In parallel, a 2 ml aliquot of Ni-NTA agarose resine slurry (#25214, In order to estimate the copy numbers of sfGFP-PBP1b per cell, three independent cell extract 825 preparations of AV44 pAV20-GØ-RØ (non-repressed), AV44 pAV20 G14-R20 and AV51 (ΔPBP1a Integrate P Bad -msfgfp-mrcB in attB HK022 D1+R97+R98 pAV77
Integrate P Bad -mcherry-mrcA in attB HK022 D1+R97+R105 pAV93 P T7 -msfGFP R119+R120 pAM238 Spec-resistant vector with P Lac (Kadokura and Beckwith, 2002 ) pBC01 pAM238-P Lac -lpoB D10+R126 pBC02
pAM238-P Lac -mepS D11+R127 pBC03 pBAD33-P Ara -mrcB (Gray et al., 2015 ) Table 7 . Oligonucleotides used to make the fragments in table 6. V101  TGGTGGCTGGCACAAGTGCCCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGC  V103  TGATATCGAATTCCTGCAGCCGCGGTAATGCTTGTTGTCAG  V109  AAGGTAAAAGATCTCTCCGGCTCCAGCTTTTGTTCCCTTTAGT  V111  GATATCGAATTCCTGCAGCCCGAAGAGCCGCCACGGAT  V233  GATGACTATGAGGATGAAGAACCGATGAGTAAAGGTGAAGAACTGTTCACCGGTG  V235  ATGAAACTAAATGGGAAATTTCCAGTGGTTTCCAAGGGCGAGGAG  V237  ATGGATGAGCTGTACAAAGGATCCAAGTTCGTAAAGTATTTTTTGATCCTTGCAG  V317  CGCCATAAACTGCCAGGAATTGGGGATCGGGTTACCAATTATGACAACTTGACGGCTAC  V319  TCGCAACTCTCTACTGTTTCTCCATACCCGTGCGGAGAAAAAGCATGGCCGG  V322  AGGCGCCATGCATCTCGAGGCATGCCTGCATAATCAGAACAATTCCTGTGCCTCG  V315  GGTACCGGGCCCCCCCTCGAGGTCGATTTGAGTAGAAAACGCAGCGGATGCAGGCCGTCGTTACCCAAG  V316  TGCTGCCGGTGCCATGCCCTCCGGAACCGGTGGAGAGGACGGTCAGCTGG  V317  CGCCATAAACTGCCAGGAATTGGGGATCGGGTTACCAATTATGACAACTTGACGGCTAC  V318  CGGGTATGGAGAAACAGTAGAGAG  BC1  TATATAGAGCTCAGGAGGAATTCACCATGACAAAAATGAGTCGCTACG  BC2  TATATAGGATCCTTATTGCTGCGAAACGGC  BC3  TGACTGACGAGCTCAGGAGGAATTCACCATGGTCAAATCTCAACCGATTTTG  BC4 GTCAGTCATCTAGATTAGCTGCGGCTGAGAACCCG Table 8 . Oligonucleotides inserted in the pAV20 cloning vector to make plasmids expressing two single-guide RNAs, one against GFP (sfGFP) and one against RFP (mCherry). The capital letters indicate the final sequence of the CRISPR guide. After guide insertion, the plasmids are called "pAV20-G -R " with the complementarity against GFP and the complementarity against RFP. 
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